INTRODUCTION
Inflammatory bowel diseases (IBDs), including ulcerative colitis (UC) and Crohn's disease (CD), are inflammatory disorders of the gastrointestinal tract, characterized by a relapsing-remitting state of chronic inflammation. It is widely accepted that both diseases are triggered by an inappropriate immune response to antigens of commensal gut bacteria in genetically prone persons. The immunological nature of the disease arises from the observation that IBD is characterized by massive infiltration of effector T cells into the mucosa associated with T-cell dysfunction. This results in a loss of immunoregulatory mechanisms that maintain gut homeostasis and promotes local immune responses leading to intestinal injury. 1 Current treatment options for IBD rely on the modification of immune reactions by inhibiting pro-inflammatory responses but not by correcting or augmenting aspects of the immune system that could suppress inflammation.
Despite the development of new therapies in recent decades (e.g., tumor necrosis factor blocker), a relevant proportion of patients still lack an efficient treatment. 2, 3 Immunosuppressant medications have significant toxic adverse effects, including myelosuppression, hepatitis, and increased risk of malignancies. Additionally, 30% of patients are primary non-responders to biological therapy and secondary failures are frequent. 4 Thus, there is an urgent need to develop new, more specific therapies for IBD that aim for the re-establishment of gut homeostasis by immunoregulatory rather than immunosuppressive mechanisms.
The induction of tolerance toward specific antigens is one prominent option for the maintenance or re-establishment of gut homeostasis. 5 In addition to the ability of dendritic cells (DCs) to initiate effective immune responses toward invading pathogens, these cells are also potent inducers of tolerance and, in particular, of Foxp3 þ regulatory T cells (Tregs). 6 In recent years, we have seen the emergence of a population of DCs that express the antigen-uptake receptor DEC-205 on their surfaces. It has been shown that targeting antigen to DEC-205 on DCs leads to highly efficient antigen presentation on major histocompatibility complex) MHC I and MHC II complexes. 7, 8 When this process occurs in the steady state, tolerance can be induced by several mechanisms. [9] [10] [11] [12] We and others have shown that this approach leads to the effective conversion of naive CD4 þ T cells into Foxp3 þ Tregs 13 and results in the protection in mouse models of autoimmunity, e.g., autoimmune diabetes. [14] [15] [16] In addition, we have identified that, apart from the effective antigen presentation, targeting antigen to DEC-205 induces the expression of anti-inflammatory cytokines by DCs. 17 This suggests that further immunomodulatory mechanisms might have a role, when antigens are targeted to DEC-205. However, it has not been addressed so far whether this approach allows the modulation of immune responses mediated by differentiated effector cells and whether it thereby protects against inflammation in the gut.
We report here that targeting antigen to DEC-205 leads to an interleukin (IL)-10-dependent downregulation of C-X-C chemokine receptor 3 (CXCR3) expression on differentiated antigen-specific T helper type 1 (Th1) cells in vivo. This downregulation interferes with the migration of Th1 cells into the gut and protects mice against severe intestinal inflammation. Of note, we demonstrate that CD4 þ CXCR3 þ T cells are highly enriched in the inflamed mucosa of IBD patients, suggesting that targeting antigen to DEC-205 could represent a potential new immunoregulatory approach for the treatment of IBD.
RESULTS

Targeting antigen to DEC-205 protects against intestinal inflammation
Various studies have shown that interferon (IFN)-g þ Th1 cells act as key mediators in the onset and maintenance of IBD. 18, 19 Hence, we aimed to determine whether the function of Th1 cells can be controlled or blocked by targeting antigen to DEC-205. To this end, we established a new Th1-cell-mediated mouse model of intestinal inflammation. T-cell receptor (TCR) transgenic hemagglutinin (HA)-specific CD4 þ T cells were differentiated in vitro into IFN-g þ -expressing Th1 cells (see Supplementary Figure S1 online). The adoptive transfer of differentiated HA-specific Th1 cells into VILLIN-HA transgenic mice, which specifically express HA under the control of the villin promotor active in intestinal epithelial cells, initiates a tremendous loss of body weight (Figure 1a) , accompanied by massive destruction of the intestinal architecture of both the small intestine and colon (Figure 1b) , and expands the numbers of HA-specific CD4 þ T cells in the mesenteric lymph nodes (MLNs) and lamina propria (LP) of the colon 5 days after transfer (Figure 1c) .
To analyze the effect of targeting antigen to DEC-205 on antigen-specific Th1 cells and the related intestinal inflammation, we chemically coupled the HA 110-120 peptide to an a-DEC-205 antibody (DEC-HA) or to a non-binding isotype control antibody (ISO-HA). We injected DEC-HA, ISO-HA, or phosphate-buffered saline (PBS) intraperitoneally (i.p.) into VILLIN-HA transgenic mice on days À 2 and À 1 before the adoptive transfer of HA-specific Th1 cells (Figure 1d) . Remarkably, VILLIN-HA transgenic mice treated with DEC-HA lost significantly less body weight within 5 days than did control mice (Figure 1e ). In line with this finding, histopathological analysis detected strongly less severe inflammation in the small intestine and colon of mice treated with DEC-HA than in their control counterparts (Figure 1f) .
In previous studies, we have shown that targeting antigen to DEC-205 in vivo leads to the de novo generation and expansion of antigen-specific Foxp3 þ Tregs. 14, 17 Interestingly, the percentage and absolute number of Foxp3 þ Tregs in all the analyzed compartments did not differ significantly between the groups, neither when gated on transferred HA-specific CD4 þ T cells (Figure 2a) nor when gated on endogenous CD4 þ T cells (data not shown). However, we observed significantly lower frequencies and total numbers of adoptively transferred Th1 cells in the MLNs and colons of mice treated with DEC-HA than in the colons of control mice (Figure 2b ). No differences were detected in the non-gut-associated lymphoid tissues. Of note, we determined an increase in the frequencies and numbers of Th1 cells in the blood of mice treated with DEC-HA compared with control mice. We excluded the possibility that the proliferative capacity of HA-specific Th1 cells was altered by DEC-HA treatment (data not shown). These results suggest a DEC-HA-mediated effect on the migration of effector cells into the gut.
DEC-HA treatment modulates the migration of Th1 cells
To gain insights into the phenotype and function of Th1 cells after treatment with DEC-HA, we analyzed the characteristics of these cells by global gene expression profiling. We adoptively transferred HA-specific Th1 cells into VILLIN-HA transgenic mice that had been treated with DEC-HA, ISO-HA, or PBS. Five days after transfer, we re-isolated HA-specific CD4 þ T cells from the colonic LP and subjected them to microarray analysis. A general overview on the changes in expression levels after PBS, ISO-HA, and DEC-HA treatment is visualized by volcano plots (see Supplementary Figure S2 ). Because of the lower frequency of HA-specific Th1 cells in the intestine and the higher frequency in the blood of VILLIN-HA transgenic mice treated with DEC-HA, we first addressed the question whether the migration of Th1 cells into the colon was altered. Interestingly, most of the common migration markers, including the gut-homing markers CCR9 and integrin a 4 b 7 , were not differentially expressed or were only slightly downregulated after treatment with DEC-HA. However, the expression of the chemokine receptors CXCR3 and CXCR5 on HA-specific Th1 cells was exclusively downregulated after treatment with DEC-HA (Figure 3a) .
To elucidate the potential relevance of these receptors in the present inflammation model, we measured the expression of the respective chemokine receptor ligands (CXCL9 and CXCL10 for CXCR3; CXCL13 for CXCR5) in the gut of VILLIN-HA transgenic mice and their non-transgenic littermates after the transfer of HA-specific Th1 cells. The expression of CXCL9 and CXCL10 was tremendously upregulated in diseased VILLIN-HA transgenic mice, whereas the expression of CXCL13 in the gut of diseased mice was not different from that of healthy control mice (Figure 3b) . Hence, we decided to focus further on the function of CXCR3 and its ligands CXCL9 and CXCL10 in this model and confirmed the Frequencies of HA-specific (TCR-HA) CD4 þ T cells in the colonic lamina propria (LP), the mesenteric lymph nodes (MLNs), and the spleen were determined by flow cytometry. (d) VILLIN-HA transgenic mice were injected intraperitoneally with DEC-HA, ISO-HA, or sterile phosphate-buffered saline (PBS) on days À 2 and À 1 before adoptive transfer of HA-specific Th1 cells. Mice were monitored daily for clinical signs of sickness. On day 5 after transfer, (e) the body weight of the mice was determined, and (f) histopathological analysis was performed on sections of the small intestine and colon. Data from four independent experiments are shown as means±s.e.m. Statistical analysis was performed using Student's t-test (a) or one-way analysis of variance (e þ f) (*Po0.05; **Po0.01; ***Po0.001). these cells from the spleens on day 7 after transfer and used them in an in vitro transwell migration assay with recombinant CXCL10 as a chemoattractant. Naive HA-specific CD4 þ T cells, which only slightly express CXCR3, served as negative controls. HA-specific Th1 cells isolated from mice treated with PBS or ISO-HA strongly migrated through the transwell in response to CXCL10, whereas treatment with DEC-HA completely abolished the migration of these cells toward CXCL10; the results were comparable to those obtained with the naive CD4 þ T cells (Figure 3d ). To verify that the downregulation of CXCR3 and the reduced migration after antigen targeting to DEC-205 was not restricted to the HA model antigen but rather a general phenomenon, we repeated the experiments with a-DEC-205 monoclonal antibody coupled to an MHC class II restricted ovalbumin (OVA) peptide (DEC-OVA) and used OVA-specific Th1 polarized cells. In line with the former results, treatment of mice with DEC-OVA leads to a downregulation of CXCR3 expression on OVA-specific Th1 cells (see Supplementary Figure S3a ) and abolished the in vitro migration toward recombinant CXCL10 (see Supplementary Figure S3b ).
Differential expression of CXCR3 in IBD patients
To determine a potential role of CXCR3-expressing CD4 þ T cells during IBD in more detail, we analyzed the presence of CD4 þ CXCR3 þ T cells in peripheral blood mononuclear cells (PBMCs) and biopsy samples from the gut of healthy volunteers, patients with IBD in remission, and those with active CD or UC. Interestingly, the percentage of CXCR3-expressing CD4 þ T cells was significantly lower in the blood of patients with active CD and UC, and a gradual decrease in the percentage of these cells was seen from healthy volunteers to patients with disease in remission to those with active disease (Figure 4a ).
In contrast, determining the number of CD4 þ CXCR3 þ T cells in the gut mucosa led to reciprocal results. In healthy volunteers and in IBD patients in remission, CD4 þ CXCR3 þ T cells were only barely detectable in the colon and ileum, but the numbers of these cells were significantly higher during active CD or UC ( Figure 4b ). These findings suggest that the migration of CD4 þ CXCR3 þ effector T cells to the site of inflammation is elevated during active IBD and also imply that the specific blockade or downregulation of CXCR3 may be an efficient therapeutic strategy for the treatment of IBD.
A CXCR3 antagonist ameliorates Th1-cell-induced intestinal inflammation
To compare the efficiency of systemic CXCR3 blocking and DEC-205-mediated downregulation of CXCR3 expression on antigen-specific Th1 effector cells for the prevention of intestinal inflammation, we treated VILLIN-HA transgenic mice either with DEC-HA and PBS as previously described or with a CXCR3 antagonist administered day to day (Figure 5a) . On day 5 after the adoptive transfer of HA-specific Th1 cells, PBS-treated mice lost as much as 10% of their initial body weight. In contrast, the body weight of mice treated with DEC-HA or with CXCR3 antagonist remained constant (Figure 5b ). In addition, histological analysis demonstrated that the inflammation status in the small intestine and the colon of CXCR3 antagonist-treated mice was lower than that in the colon and small intestine of PBS-treated animals ( Figure 5c ). Remarkably, nearly no pathological response was detectable in DEC-HA-treated animals. In line with these findings, the frequencies of transferred HA-specific Th1 cells were significantly lower in the LP and MLNs of mice that had been treated with the CXCR3 antagonist or DEC-HA than in control animals injected with PBS (Figure 5d ). In summary, these findings indicate that the systemic blocking of CXCR3 by an antagonist hinders the migration of effector T cells to the gut and is sufficient to reduce intestinal inflammation. However, the particular downregulation of the expression of CXCR3 by antigen-specific Th1 cells brought about by antigen targeting to DEC-205 seems to be more effective in the prevention of gut inflammation than treatment with a CXCR3 antagonist.
The protective activity of targeting antigen to DEC-205 is IL-10 dependent
We have previously shown that targeting antigen to the DEC-205 receptor on DCs with single-chain fragments leads not only to enhanced antigen presentation but also to increased secretion of the anti-inflammatory cytokine IL-10. 17 To determine whether elevated IL-10 production is involved in the downregulation of CXCR3 on Th1 cells, we made use of CD11c-cre Â IL-10 flox/flox mice that specifically lack IL-10 expression in CD11c þ DCs. CD11c-cre Â IL-10 flox/flox or IL-10 flox/flox control mice were injected with DEC-HA, ISO-HA, or PBS. One day later, sera and additionally CD11c þ DCs from the spleens of mice were analyzed for secretion of IL-10. Indeed, we found that IL-10 was detectable in the sera of IL-10 flox/flox DEC-HA but not in control-treated mice. Moreover, ex vivo isolated splenic DCs from mice injected with DEC-HA produced significantly more IL-10 than did DCs isolated from mice treated with ISO-HA or from PBS-treated control mice. Strikingly, IL-10 expression was completely abolished when mice were deficient in functional IL-10 expression in CD11c þ DCs (Figure 6a ). Further comprehensive cytokine analysis of DCs isolated from the colonic, MLNs, and spleens revealed that IL-10 and transforming growth factor (TGF)-b expression was upregulated in the spleens and MLNs but not in the colonic lamina of DEC-HA treated mice (see Supplementary Figure S4a ). However, DEC-HA treatment had no effect on the expression of pro-inflammatory cytokines such as IL-1b, IL-6, tumor necrosis factor-a, and the expression of activation markers CD40, CD80, CD86, or MHC-II (see Supplementary Figure S4b Cryo-sections of colonic and ileal biopsy samples from HCs, patients with Crohn's Disease, and patients with ulcerative colitis in remission or with active inflammatory relapse were fluorescently labelled with antibodies against CD4 and C-X-C chemokine receptor 3 (CXCR3). Hoechst dye was used to label cell nuclei. Representative images from the colon and ileum of each analyzed group are shown. For quantification of CD4 þ CXCR3 þ cells, the number of blue pixels (cell nuclei) was divided by the number of yellow pixels (CD4 þ CXCR3 þ ) in each image and is depicted as relative CD4/CXCR3 expression in the bar diagrams. Data are summarized as means ± s.e.m.. Statistical analysis was performed with one-way analysis of variance (**Po0.01; ***Po0.001; NS, not significant).
isolated from DEC-HA-treated IL10 flox/flox control mice showed significantly lower migration toward CXCL10 in vitro (Figure 6c) .
Next we examined whether treatment with a neutralizing a-IL-10 antibody could abolish DEC-HA-mediated protection in vivo. VILLIN-HA transgenic mice were treated with DEC-HA or ISO-HA in the presence of a neutralizing a-IL-10 or an isotype control antibody before the adoptive transfer of HA-specific Th1 cells (Figure 7a) . Strikingly, on day 5 after cell transfer the protective effect of DEC-HA was abolished when a-IL-10 was co-administered. Mice exhibited a reversed loss of body weight (Figure 7b ) and a more severe intestinal þ T cells in the colonic lamina propria (LP) and the mesenteric lymph nodes (MLNs) of the mice were determined by flow cytometry. Data from three independent experiments are shown as means ± s.e.m. Statistical analysis was performed with one-way analysis of variance (*Po0.05; **Po0.01; ***Po0.001; NS, not significant).
inflammation (Figure 7c) . Moreover, the frequencies of HA-specific Th1 cells and CXCR3 surface expression in the colon and MLNs were higher than in mice treated with DEC-HA alone (Figure 7d,e) . Of note, neither treatment with a DEC-205 monoclonal antibody without antigen nor treatment with an antibody coupled to an irrelevant antigen was sufficient to protect against intestinal inflammation (see Supplementary  Figure S5 ). These findings clearly suggest a novel mechanism by which IL-10 can act on effector T cells, thereby mediating its anti-inflammatory properties.
To further elucidate the mechanism of how IL-10 leads to downregulation of CXCR3 on Th1 cells, we first analyzed whether Th1 cells express the IL-10 receptor (IL-10R) and could therefore respond to IL-10 directly. We included in vitro polarized antigen-specific Th1 cells, naive CD4 þ T cells, and Tregs, known to express high levels of IL-10R. 20 We detected only a weak but existing expression of IL-10R on Th1 cell (see Supplementary Figure S6a ). To check whether the direct binding of IL-10 influences CXCR3 expression on Th1 cells, polarized Th1 cells were re-stimulated in the presence or absence of recombinant mouse IL-10 or a neutralizing a-IL-10 antibody, and the expression of CXCR3 was determined. Importantly, no differences in the expression of CXCR3 were detected (see Supplementary Figure S6b ) suggesting an indirect effect of IL-10 on CXCR3 expression on Th1 cells.
DEC-HA treatment protects against inflammatory relapse
IBD is characterized by inflammatory relapses and inflammation-free remission phases. Because of the existing in vitro and in vivo data, we cannot exclude that targeting antigen to DEC-205 under active inflammation would further aggravate an inflammatory response. Therefore, we analyzed whether DEC-HA treatment of VILLIN-HA mice on days 1 and 2 after the adoptive transfer of HA-specific Th1 cells alters the inflammatory response (Figure 8a) . Interestingly, this procedure resulted in an intermediate state of inflammation. VILLIN-HA transgenic mice treated with DEC-HA after transfer lost less body weight within 5 days than did control mice (Figure 8b ). In line with this finding, histopathological analysis detected less severe inflammation in the small intestine and colon of mice treated with DEC-HA than in their control counterparts (Figure 8c) . However, pretreatment of VILLIN-HA mice with DEC-HA before adoptive transfer of HA-specific Th1 cells (DEC-HA control) is much more effective in the prevention of gut inflammation than posttreatment with DEC-HA. Therefore, we analyzed whether DEC-HA treatment of VILLIN-HA mice during an inflammation-free remission phase would be a suitable therapeutic option. To this end, low numbers of HA-specific Th1 cells were adoptively transferred into VILLIN-HA mice to initiate a non-lethal inflammation of the gut (Figure 8d) . The inflammatory response was monitored by the loss of body weight and histology of the small intestine and colon at day 6 after transfer. After 3 weeks, the mice had completely recovered from intestinal inflammation, closely resembling the situation in the inflammation-free remission phases of IBD patients (Figure 8e,f) . On days 33 and 34 after the understood, it is widely accepted that an inappropriate immune response toward otherwise harmless commensal bacteria is a crucial part of the pathogenesis. Chemokines contribute to the inflammatory process through their involvement in cellular trafficking of effector cells. In fact, CXCR3 and its corresponding ligands have been shown to be differentially expressed at sites of colitis in mice and in IBD patients. [21] [22] [23] We found that the percentage of CXCR3-expressing CD4 þ T cells was significantly lower in PBMCs from patients with active CD or UC and exhibited a gradual decrease from healthy control subjects to patients with disease in remission to patients with active disease. In contrast, in healthy volunteers and in patients with IBD in remission CD4 þ CXCR3 þ T cells were only barely detectable in the colon and ileum, but their numbers were significantly elevated during active CD or UC. These findings suggest an enhanced migration of CD4 þ CXCR3 þ effector T cells during inflammation of the gut and imply that CXCR3 could be a suitable target for treating IBD.
In the IL-10 À / À colitis mouse model, CXCL10 and CXCR3 are highly expressed in the gut, and the application of an a-CXCL10 antibody attenuates the severity of colitis. 21 Currently, clinical trials using CXCL10 antibody (MDX-1100) are demonstrating some promise for treatment of patients with UC or rheumatoid arthritis. 24 In addition, simultaneous blocking of CCR2, CCR5, and CXCR3 by TAK799, a nonpeptide inhibitor, was shown to result in similar disease mitigation in mice. 22 In the present study, we found that the systemic blocking of CXCR3 by an antagonist resulted in markedly attenuated disease severity. In line with our results, dextran sodium sulfate-induced colitis was attenuated in CXCR3 À / À mice because of impaired cellular trafficking to the gut. 25 However, none of these therapies is disease or antigen specific, and all of them generally target events downstream of the inflammatory cascade. The real challenge is to develop more specific approaches for preventing the initiation and perpetuation of the inflammatory cascade before tissue injury occurs. One approach could involve the induction or re-establishment of immunological tolerance against disease-specific antigens. It has been previously shown that targeting antigen to DEC-205 on immature DCs leads to highly effective immunological tolerance by inducing antigen-specific Foxp3 þ Tregs when this process occurs in the steady state. 13, 14 We show here for the first time that targeting antigen to DEC-205 in the context of Th1 cell responses downregulates the expression of CXCR3 on antigen-specific Th1 cells and interferes with the migration of these cells to the gut. Strikingly, targeting antigen to DEC-205 was even more effective as a therapeutic strategy in preventing antigen-specific gut inflammation than was systemic treatment with a CXCR3 antagonist. Moreover, this approach successfully protected mice in the remission phase from an inflammatory relapse. This finding underlines the need for more precise and antigen-specific approaches to treatment of IBD and shows the potential benefit of DEC-205-mediated antigen delivery in human IBD.
For IBD, great efforts have been made in trying to identify an antigen that acts as a target of local immune responses, but the final antigen or antigen composition is not yet identified. However, CBir1, a bacterial flagellin, was discovered by serological expression cloning from spontaneously colitic C3H/HeJBir mice. 26 This is the first antigen to be linked between mice and humans and has been shown to have a direct pathogenic effect on the development of T-cell-mediated colitis in mice. 26, 27 In addition, LP mononuclear cells isolated from CD patients produce more IFN-g after stimulation with CBir1 flagellin than do LP mononuclear cells from healthy control subjects, a finding supporting a pathogenic role for CBir1-specific responses in CD. 28 Intriguingly, CBir1 flagellin antibody reactivity marks a subset of patients with a complicated course of CD. 29, 30 The broad recognition of this flagellin in various mouse models and in humans with CD indicates that CBir1 is among the immunodominant antigens of the microbiota in IBD. In this context, CBir1 might be an interesting target for antigen-directed therapy of the disease. Therefore, it is of great interest whether targeting CBir1 to DEC-205 could be sufficient to induce CBir1-specific tolerance or to modulate CBir1-specific Th1 responses in vitro and in vivo.
IL-10 is expressed by many cell types of the innate and adaptive immune systems and is directly involved in the control of intestinal inflammation. 31, 32 In this study, we found that the secretion of IL-10 by DCs was enhanced after antigen targeting to DEC-205. We demonstrated that in vivo blocking of IL-10 abrogates the therapeutic effect of targeting antigen to DEC-205. Because CD4 þ CXCR3 þ Th1 cells weakly express IL-10R, it is likely that IL-10 indirectly controls adaptive immune responses by signaling on antigen-presenting cells. In particular, it was demonstrated that IL-10 inhibits the differentiation and proliferation of Th1 cells by selectively inhibiting the function of antigen-presenting cells. 33, 34 In accordance with this, stimulation of Th1 cells in the presence of IL-10 in vitro does not alter CXCR3 expression. Therefore, DC-derived IL-10 may be involved in the maintenance of steady-state DCs by an autocrine feedback loop. Of note, higher IL-10 expression induced by an a-DEC-205 antibody alone or coupled to an irrelevant antigen does not protect from experimental colitis (see Supplementary Figure S5 ), demonstrating that only the combination of antigen-specific TCR stimulation and enhanced IL-10 production is sufficient to modulate the migration behavior of effector cells. These findings clearly suggest a novel mechanism by which IL-10 can act indirectly on effector T-cell phenotype and function and orchestrate intestinal immune responses. However, we cannot exclude that other mechanisms may have an important role in maintaining tolerance in the used inflammation model. Neither treatment with CXCR3 antagonist nor the use of a neutralizing a-IL-10 antibody had the same protective effect as it was seen by treatment with DEC-HA. Of note, apart from IL-10 also the expression of TGF-b was increased in DCs of the spleen and MLNs of DEC-HA-treated mice (see Supplementary Figure S4a ). The anti-inflammatory role of TGF-b especially in the gut mucosa and its properties to induce þ CXCR3 þ T cells to migrate to sites of inflammation by downregulating CXCR3 expression. Together, these mechanisms can prevent autoimmune-mediated inflammation in the small intestine and colon. Because it has been demonstrated that human DCs express a homologous DEC-205 molecule on their surface 37 and that the numbers of CD4 þ CXCR3 þ effector T cells are increased in the colon and ileum during inflammation but not during remission, future investigation may be initiated to elucidate the potential benefits of targeting DEC-205 in human IBD.
METHODS
Human samples. Human samples were acquired from CD and UC patients. For collection of PBMCs, blood was drawn from patients with disease in remission or with active disease; healthy volunteers served as control subjects (active CD, n ¼ 3; CD in remission, n ¼ 3; active UC, n ¼ 4; UC in remission, n ¼ 13; healthy control subjects, n ¼ 10). For immunofluorescence analysis, mucosal biopsy samples were obtained from subjects undergoing ileocolonoscopy: subjects with active CD, ileum, n ¼ 5; subjects with CD in remission, ileum, n ¼ 3; subjects with active CD, colon, n ¼ 5; subjects with CD in remission, colon, n ¼ 3; subjects with active UC, colon, n ¼ 5; and subjects with UC in remission, colon, n ¼ 3. Biopsy samples were taken from the terminal ileum of CD patients and control subjects. Colonic tissue was obtained from CD patients, UC patients, and control subjects. CD-or UCspecific tissue from inflamed and non-inflamed mucosa during remission of CD was confirmed by histopathological analysis. Patients undergoing ileocolonoscopy for gastrointestinal bleeding, carcinoma screening, or abdominal pain were used as control subjects (ileum, n ¼ 5; colon, n ¼ 5). For these patients, tissue was taken from macroscopically healthy tissue, and histological analysis of biopsy samples indicated normal tissue. 40 and kindly provided by Axel Roers. CD11c-cre mice were described by Canton et al. 41 CD11c-cre and C57BL/6 mice were obtained from Jackson (Sulzfeld, Germany). OT-II transgenic mice harbor CD4 þ T cells expressing an a/b-TCR specific for the MHC class II-restricted epitope of the OVA-protein (OVA 323-339 ). 42 All animal experiments were performed in accordance with institutional, state, and federal guidelines (approved by the Landesamt für Natur, Umwelt und Verbraucherschutz North Rhine-Westphalia, Germany).
Conjugation of antigens to an a-DEC-205 monoclonal antibody.
Conjugation of the HA 110-120 peptide or the OVA 323-339 peptide to the DEC-205-specific antibody was performed as previously described. Isolation and flow cytometric cell sorting of lymphocytes. Spleens and MLNs were mashed through 70-mm cell strainers and washed with erythrocyte lysis buffer or PBS containing 2% fetal calf serum and 2 mM EDTA, respectively. Lymphocytes from the LP of colon were isolated as described previously. 38 In brief, colons were washed with ice-cold PBS and cut into small pieces; the pieces were washed in PBS supplemented with 2 mM EDTA and cell culture media under constant stirring. Colons then underwent digestion with collagenase IV (SigmaAldrich, Bonn, Germany) for 90 min at 37 1C. Single-cell suspensions were obtained by passing suspensions through 70-mm cell strainers. CD4 þ T cells were enriched from the spleens of TCR-HA or OT-II mice with autoMACS technology (Miltenyi Biotec, Bergisch-Gladbach, Germany) according to the manufacturer's instructions. Pure populations of HA-specific CD4 þ T cells were obtained by staining cells with a-CD4 and an antibody against the HA-specific TCR and sorting them by flow cytometry on an ARIA II sorter (BD Bioscience, Heidelberg, Germany). Pure populations of OVA-specific CD4 þ T cells were obtained by staining cells with a-CD4 and an antibody against the TCR Vb5 chain followed by flow cytometric sorting. Human PBMCs were obtained by diluting freshly isolated blood 1:1 with sterile PBS and then isolating PBMCs with density gradient centrifugation using the Lymphoprep gradient technique (Stemcell, Cologne, Germany).
Isolation and stimulation of DCs. Spleens were cut into small pieces and were then treated with 1 mg ml À 1 collagenase type D (Roche, Mannheim, Germany) and 10 mg ml À 1 DNase I type II (SigmaAldrich) diluted in PBS with 2% fetal calf serum and 2 mM EDTA for 45 min at 37 1C. The remaining tissue was mechanically minced and filtered through a 40-mm cell strainer. Cells were washed in PBS containing 2% fetal calf serum and 2 mM EDTA. CD11c þ cells were positively selected with autoMACS technology according to the manufacturer's instructions (Miltenyi Biotec). DCs were stimulated overnight with 100 ng ml À 1 lipopolysaccharide (Sigma-Aldrich). Cytokines in cell culture supernatants were quantified with the Procarta Cytokine Assay Kit (Panomics, Santa Clara, CA) according to the manufacturer's instructions. The assay was run with a Luminex 200 system using the Luminex IS software (Luminex Corporation, Austin, TX).
Th1 cell polarization. HA-specific CD4 þ T cells were sorted by flow cytometry and activated in vitro with plate-bound a-CD3 (5 mg ml À 1 ) and soluble a-CD28 (1 mg ml À 1 ) (both BD Bioscience) and were additionally polarized into IFN-g-producing Th1 cells by adding recombinant mouse IL-12 (20 ng ml À 1 ) (R&D Systems, Wiesbaden, Germany) and a-IL-4 antibody (200 ng ml À 1 ) (eBioscience, San Diego, CA) to the cell culture media. At day 6, successful Th1 cell polarization was measured by FACS staining of the cells for IFN-g. For the generation of OVA-specific Th1 cells, OVA-specific CD4 þ T cells were sorted from the spleens of OT-II mice and polarized in vitro as mentioned above.
Induction of intestinal inflammation in VILLIN-HA transgenic mice.
Â 10
6 HA-specific Th1 cells were adoptively transferred into each VILLIN-HA transgenic mouse. Mice were monitored daily for signs of sickness (i.e., loss of body weight) and were killed on day 5 after transfer for analysis. Migration assays. HA-specific CD4 þ T cells were polarized as described above and were adoptively transferred into BALB/c, CD11c-cre Â IL-10 flox/flox or IL-10 flox/flox mice treated with DEC-HA, ISO-HA, or PBS. For mice with the C57BL/6 background, OVA-specific Th1 cells were adoptively transferred into DEC-OVA-or ISO-OVAtreated wild-type mice. On day 6 or 7 after transfer, HA-specific or OVA-specific CD4 þ T cells were re-sorted from the spleens of the respective mice and were subjected to in vitro migration assays using transwell chambers with 5 mm polycarbonate filters (Corning, Tewskbury, MA). Therefore, 200 ng ml À 1 recombinant mouse CXCL10 (R&D Systems) was diluted in cell culture media that was added to the lower chamber of the transwell plates. The transwell inserts were placed on top, and 5 Â 10 5 re-sorted HA-specific or OVA-specific T cells were added to the upper chamber, respectively. The plates were then incubated for 4 h at 37 1C, after which the cells that had migrated into the bottom chamber were collected and counted. The migration index was determined as the ratio of migrated cells toward CXCL10-containing media to cells in the media alone.
Statistical analysis. One-way analysis of variance followed by Bonferroni's multiple comparisons test or Student's t-test was used to determine statistical significance, which was set at a level of Po0.05.
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